We assessed the effects of sympatric (occupying the same or overlapping geographic areas) and allopatric (occurring in separate geographic areas) isolates of Anaplasma phagocytophilum on the survival of Ixodes scapularis Say larvae that were derived from ticks collected in Bridgeport, CT. Seven isolates of A. phagocytophilum, originating from different geographic regions of the United States, were tested: four isolates from the northeast (Bridgeport, Dawson, Gaillard,, two from the Midwest (Webster and Sp-Is), and one from California (MRK). BALB/c mice were infected with each of the seven isolates via exposure to infected I. scapularis nymphs, whereas uninfected nymphs fed upon control mice. Both infected and control mice were infested with uninfected larvae at 1, 2, 3, 4, 6, and 9 wk after nymphal infestation. The molting success in cohorts of infected and uninfected ticks was calculated as the percentage of larvae successfully molting into nymphal stage, and the prevalence of infection in molted nymphs was determined by polymerase chain reaction. In ticks that became infected with the Bridgeport or Sp-Is isolates, the molting success decreased with an increase in the prevalence of infection. Ticks that fed upon mice infected with six allopatric isolates (Dawson, Gaillard, NY-8, Sp-Is, Webster, and MRK) showed signiÞcantly lower levels of survival than those fed upon control mice, regardless of the prevalence of infection, whereas in ticks fed upon mice infected with a sympatric isolate (Bridgeport), the overall molting success was similar to the control. Thus, some but not all of the A. phagocytophilum isolates have adverse effects on ticks. Ticks exposed to harmful isolates may experience higher levels of bacterial metabolism, and/or reduced quality of their blood meal, thereby reducing their survival. Noted differences between isolates may be due to the origin of a particular isolate and/or the degree of coadaptation between the pathogen and its vector on the population level.
THE NOTION THAT ARTHROPOD vectors are not mere ßy-ing or crawling syringes became apparent in recent years (Roditi and Liniger 2002) . In most cases, however, this notion is used in descriptions of events at the pathogenÐvertebrate interface, whereas fewer studies have examined the relationships between arthropodborne agents and their vectors. Even with Lyme disease and human granulocytic ehrlichiosis, the two most common tick-borne diseases in the United States, the effects of the pathogens on their vector are largely unknown. The reproduction rate of pathogens transmitted by ixodid ticks (with their single feeding per developmental stage) depends on the survival and reproduction of the vector itself and its ability to maintain an infection from one developmental stage to another and from one generation to the next (Randolph 1998) . Consequently, biotic and abiotic factors, which affect the survival of a tick vector, will, in turn, inßuence the proliferation of a pathogen. Additionally, the bacterial metabolism of an agent itself may affect the vectorÕs Þtness and survival.
Several agents have been shown to affect the longevity, fecundity, and/or molting success of their respective arthropod vectors. For example, Borrelia sogdiana, a causative agent of tick-borne recurrent fever, reduces the molting success of infected Ornithodoros papillipes (Birulya). Moreover, infected O. papillipes that did survive through the molt have higher sensitivity to DDT (VasilÕeva and Ershova 1989) . The hemoparasites Babesia bovis and Babesia bigemina cause an increased mortality in infected adult Boophilus microplus (Canestrini) ticks and a reduced fertility in the surviving ticks (Hoffmann 1971 , Dalgliesh et al. 1981 , de Vos et al. 1989 ). An infection with Rickettsia rickettsii, the etiologic agent of Rocky Mountain spotted fever, has been reported to kill a large proportion of Dermacentor andersoni Stiles ticks and to decrease the fecundity of surviving infected females (Niebylski et al. 1999) , and R. conorii signiÞcantly decreased the survival of infected Rhipicephalus sanguineus (Latreille) nymphs (Santos et al. 2002) . I. scapularis larvae and nymphs show decreased molting success when fed on Babesia microti-infected white-footed mice, Peromyscus leucopus (Hu et al. 1997) , although the same pathogen, apparently, enhances both the feeding success of Ixodes trianguliceps Birulya larvae on bank voles, Clethrionomys glareolus, and the percentage of larvae molting to nymphs (Randolph 1991) .
The etiologic agent of human granulocytic ehrlichiosis (anaplasmosis) is a tick-borne obligate intracellular bacterium originally described in Europe as the agent of tick-borne fever (Gordon et al. 1932) . It was formerly known as Ehrlichia phagocytophilum and recently was reclassiÞed as Anaplasma phagocytophilum (Dumler et al. 2001 ). In the eastern United States, A. phagocytophilum is maintained in a natural cycle between the blacklegged tick, Ixodes scapularis Say, and its vertebrate hosts (Telford et al. 1996 , Des Vignes and Fish 1997 , as is Borrelia burgdorferi, the etiologic agent of Lyme disease (Spielman et al. 1985) . Transovarial transmission of A. phagocytophilum by I. scapularis females has not been reported. Larval ticks acquire infection while feeding upon infected vertebrate hosts and then transmit it to new susceptible hosts during nymphal feeding (Hodzic et al. 1998 . Thus, continuity of the natural transmission cycle of A. phagocytophilum depends on the survival of infected ticks from the larval stage to nymphs.
Our study was undertaken to examine whether A. phagocytophilum infection affects the survival of its tick vector though the larval molt and whether possible effects vary between different strains of the agent.
Materials and Methods
Pathogen Isolates. We assessed the effects of seven isolates of A. phagocytophilum, originating from different geographical regions of the United States (Table 1): four isolates from the Northeast (Bridgeport, Dawson, Gaillard, and NY-8), two from the Midwest (Webster and Sp-Is), and one from California (MRK).
Isolate Bridgeport originated from I. scapularis larvae collected off a gray squirrel, Sciurus carolinensis, trapped in Bridgeport, CT. Isolate Dawson originated from I. scapularis larvae collected off a white-footed mouse, Peromyscus leucopus, caught at Lake Dawson near the town of Woodbridge, CT. Isolates Gaillard and Sp-Is originated from questing I. scapularis nymphs collected from vegetation at Lake Gaillard, CT, and at Spooner Lake in Washburn County, Wisconsin, respectively. All four isolates were maintained in continuous cycles of transmission between laboratory-bred I. scapularis ticks and mice.
Isolates NY-8 and Webster were cultured from the blood of patients in southeastern New York state, and in northwestern Wisconsin, respectively. Isolate MRK was cultured from the blood of a horse in California and originally described as Ehrlichia equi (Asanovich et al. 1997) . These three isolates were maintained by continuous passage in HL60 cell culture.
Before the experiment, isolates NY-8, Webster, and MRK were introduced into the natural mouseÐtick transmission cycle. BALB/c mice were inoculated intraperitoneally with Ϸ10
6 infected HL60 cells. The inoculation was followed by infestation of mice with uninfected I. scapularis larvae (acquisition feeding) at 7 and 14 d postinfection. Replete larvae were allowed to molt and resulting infected nymphs were used to introduce infection into new naṏve BALB/c mice (transmission feeding), which were again subjected to a larval acquisition infestation. Infected I. scapularis nymphs derived from the second cohort of larvae were used for the experiment itself.
Ticks. Uninfected I. scapularis larvae used in this study were from an uninfected colony. This colony originated from adult ticks collected in Bridgeport, CT, and has been maintained for several generations in our laboratory by feeding of all life stages upon uninfected rabbits.
Experimental Design and Assessment of Survival. Groups of 6 Ð10 BALB/c mice were infected with each of the seven A. phagocytophilum isolates via exposure to infected nymphal I. scapularis (10 Ð12 nymphs per mouse). Uninfected I. scapularis nymphs were fed upon control mice. Both infected and uninfectedcontrol mice were then infested with Ϸ100 uninfected I. scapularis larvae at 1, 2, 3, 4, 6, and 9 weeks after the nymphal infestation.
Throughout the experiment, all mice were kept in wire mesh cages over water to allow for collection of engorged ticks. Engorged larvae were collected from water pans daily and kept in plastic vials at 22Ð24ЊC and 95% RH until they molted into the nymphal stage. Tick survival (molting success) was calculated as a percentage of engorged larvae successfully developing into nymphs. Molting success indices were calculated separately for cohorts of ticks fed upon each infected or uninfected mouse during each larval infestation.
Assessment of Infection and Statistical Analysis. Twenty individual nymphal ticks from each cohort were tested by polymerase chain reaction (PCR) for the presence of A. phagocytophilum DNA as described previously . In short, individual nymphs were placed in sterile plastic vials, deep-frozen in liquid nitrogen, ground with a sterile pestle, and resuspended in 50 l of Tris-EDTA buffer. DNA from ground ticks was extracted using the IsoQuick nucleic acid extraction kit (ORCA Research Inc., Bothell, WA). Primers (MSP3F and MSP3R) were used to amplify a 334-bp fragment of the p44 gene of A. phagocytophilum (Zeidner et al. 2000) . The ampliÞcation products were visualized on 2% agarose gels stained Prevalence of A. phagocytophilum infection in each cohort of ticks was assessed by testing freshly molted nymphs instead of engorged larvae. However, regression analyses of both hypothetical and actual data showed that a correlation between the molting success and the prevalence of infection does not change whether ticks are tested before or after the molt.
Arcsine-transformed indices of molting success were plotted against the prevalence of infection, and an R and a P value were calculated for each individual isolate. The signiÞcance of differences in tick survival was tested using analysis of variance (ANOVA). The following variables were tested for a signiÞcant association with tick molting success: the history of mouse exposure to ticks (week of larval feeding), the resulting prevalence of infection, and the isolate type. All second-order interactions were considered as well. Statistical tests comparing differences in the molting success between ticks infected with different isolates and among cohorts with different prevalence of infection were adjusted for multiple comparisons by using the TukeyÐKramer method. A P value of Ͻ0.05 was considered statistically signiÞcant.
Results
Together, 28,890 engorged I. scapularis larvae were collected from 69 infected and 15 control mice. Of these ticks, 22,048 successfully molted into the nymphal stage, and 8,280 were tested by PCR to assess the prevalence of infection in different cohorts.
To control for possible effects of an anti-tick immune response in repeatedly infested mice on the tick survival, we compared the molting success in ticks that fed upon uninfected control mice at different times (Fig. 1) . There was no evidence of anti-tick immunity in mice repeatedly infested with large numbers of I. scapularis larvae, and the average molting success in ticks fed upon control mice remained stable throughout the experiment. This allowed us to analyze relationships between the prevalence of infection in tick cohorts and their molting success regardless of the time of the larval feeding in the course of the experiment.
In ticks fed upon mice infected with the isolate Bridgeport, the molting success decreased in cohorts with a higher prevalence of infection ( Fig. 2 ; Table 2 ). In tick cohorts with the prevalence of infection from 0 to 25%, the average larval molting success was 88.0 Ϯ 2.3%, whereas in tick cohorts with the prevalence of infection Ͼ75%, on average, only 72.2 Ϯ 12.1% of larvae molted into the nymphal stage. The negative correlation between the prevalence of the isolate Bridgeport and tick survival remained signiÞcant when uninfected cohorts were removed from the analysis (R ϭ Ϫ0.322 Ϯ 0.266; P ϭ 0.008). In ticks fed upon mice infected with the other three northeastern isolates of A. phagocytophilum, Dawson, Gaillard, and NY-8, the larval molting success showed no signiÞcant correlation with the prevalence of infection in resulting nymphal ticks ( Fig. 2; Table 2 ).
Among midwestern isolates of A. phagocytophilum, the isolate Webster did not seem to affect tick survival through the molt, because there was no correlation between the prevalence of infection and the molting success ( Fig. 3; Table 2 ). However, the molting success decreased signiÞcantly with an increase in the prevalence of infection in ticks that fed upon mice infected with the isolate Sp-Is. In tick cohorts with the prevalence of the Sp-Is isolate below 25%, on average 86.7 Ϯ 7.8% of larvae molted into the nymphal stage, whereas in tick cohorts with the prevalence of infection Ͼ75%, only 60.6 Ϯ 16.8% ticks survived through the molt ( Fig. 3; Table 2 ). This negative correlation also remained signiÞcant when uninfected cohorts were removed from the analysis (R ϭ Ϫ0.545 Ϯ 0.258; P ϭ 0.001).
The presence of a Californian isolate MRK in ticks did not have a signiÞcant effect on their molting success ( Fig. 3; Table 2 ). In tick cohorts with absent or low (Ͻ25%) prevalence of this isolate, the larval molting success was Ϸ72.7 Ϯ 4.7%, and in cohorts with the high prevalence of infection, Ϸ73.9 Ϯ 11.0% of larvae successfully molted into the nymphal stage.
The overall molting success per isolate was calculated as a mean of all tick cohorts with the prevalence 
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of infection Ͼ0% and compared with that in ticks fed upon uninfected mice (Table 3 ). The overall molting success in ticks fed upon mice infected with the isolate Bridgeport was indistinguishable from that in control ticks, even despite a slight decrease of survival in ticks with a high prevalence of infection. Ticks fed upon mice infected with the other six isolates showed signiÞcantly lower overall survival ratios compared with their counterparts fed upon uninfected animals. These differences remained signiÞcant for each of the six isolates when we limited this comparison to tick co- horts with the prevalence of infection below 25% (Table 3).
Discussion
In transovarially transmitted tick-borne infections, the reproduction rate is determined by considerable fecundity of the tick vector. Reproduction rate of parasites that depend on transstadial transmission, however, is determined by sequential infestations of the same host by infected ticks (e.g., nymphs) and uninfected ticks of the following generation (e.g., larvae). The later, in turn, infect new hosts after molting to the next stage. In an apparent absence of transovarial transmission in I. scapularis ticks, A. phagocytophilum strongly depends on the survival of ticks from the acquisition feeding upon an infected host through the molt until the transmission feeding. Engorged and molting ticks are susceptible to a variety of environmental elements and parasites that may affect their survival. In addition, interaction between a vector and a pathogen may affect tick survival, by simply using up energy resources ticks require for their own metabolism. A reduction in survival of infected versus uninfected ticks would reduce the prevalence of infection in the population of molted ticks, and, in turn, lower the intensity of A. phagocytophilum transmission in the natural cycle. Here, we examine effects of different isolates of A. phagocytophilum on the molting success of I. scapularis larvae.
The infectivity of A. phagocytophilum-infected mice for ticks is known to change over time (Levin and Fish 2001) . Therefore, feeding of larvae upon the same animal at different intervals postinfection produces tick cohorts with different prevalence of infection, and allows for a study of the effects of infection on the molting success of ticks fed upon the same animals. However, such comparisons can only be possible if the anti-tick resistance in model animals, caused by sequential infestations, does not affect the tick survival. In various species and breeds of mice, repeated tick infestations do not cause anti-tick resistance as assessed by feeding success, engorgement weight, and molting success (Mbow et al. 1994 , Brossard and Wikel 1997 , Christe et al. 1999 , Schoeler et al. 1999 ). Consistent with those studies, the molting success of I. scapularis larvae fed upon control mice in our experiment remained unchanged after seven successive infestations: the initial nymphal infestation plus six larval infestations. This allowed us to analyze effects of the prevalence of infection on tick molting success regardless of the time of the larval feeding in the course of the experiment.
Two of the studied isolates (Bridgeport and Sp-Is) caused signiÞcant direct effect on the survival of infected ticks, where a higher prevalence of infection in resulting nymphs corresponded with a lower molting success. Notably, one of these "harmful" isolates (Bridgeport) was sympatric to the ticks used in the study and originated from the same tick population as our laboratory colony of I. scapularis. The prevalence of the other three northeastern isolates (Dawson, Gaillard, and NY-8) in ticks had no signiÞcant correlation with their molting success. Likewise, of the two midwestern isolates, one (Sp-Is) was "harmful" to infected ticks, whereas the isolate Webster had no such effect.
The isolate MRK from California had no direct effect on the survival of infected I. scapularis larvae. I. scapularis is absent in western United States, and a sibling species, I. pacificus, serves as the vector for A. phagocytophilum in California. Therefore, isolate MRK should be adapted to transmission by I. pacificus and be foreign to I. scapularis. Accordingly, one could expect that negative effects of the infection on tick survival would be more pronounced if I. scapularis larvae were infected with this allopatric isolate. An absence of correlation between the prevalence of the isolate MRK in ticks and their molting success was surprising and conÞrmed that there is no correspondence between the geographical origin of the studied isolates and their direct effect on the survival of infected I. scapularis larvae.
It is not clear whether negative effects of the two "harmful" isolates on tick survival are due to a larger pathogen load in ticks infected with these isolates, to their unique metabolic requirements, or to other factors.
More noticeable was an indirect effect of infection on the tick survival, where the molting success changed signiÞcantly depending on which isolate was present in the animal host irrespective of acquisition of the pathogen by ticks themselves. Evidence of similar indirect effects on tick survival had been reported for African swine fever virus and B. microti. In experiments involving Ornithodoros moubata and African swine fever virus (Rennie et al. 2000) , authors noticed no difference in the hatching or feeding success in the progeny of infected versus uninfected O. moubata females, but mortality rates were much higher among adult ticks that fed on infected blood compared with those receiving an uninfected bloodmeal. However, positive effects of B. microti on the survival of I. trianguliceps seemed to result from effects of Babesia on a vertebrate host, rather than from direct interactions between the agent and its vector because neither the feeding nor molting success depended on the level of infection with B. microti in rodents (Randolph 1991 ).
In the current study, larval ticks fed upon mice infected with the sympatric isolate Bridgeport had the same average molting success as ticks fed upon uninfected mice. In contrast, larvae engorging on mice infected with the isolates Dawson, Gaillard, NY-8, Webster, and MRK had signiÞcantly lower molting success indices, even when ticks themselves had a low prevalence of infection. This suggests that A. phagocytophilum infection in a vertebrate host may change the quality of a blood meal for ticks and that different isolates of the same agent may differ in the type and/or degree of changes caused in animals with an identical genetic background. It is not known what particular changes in the mouse blood may result in higher mortality of engorged ticks, but in sheep and goats an infection with A. phagocytophilum is characterized by a signiÞcant reductions in the total number of white and red blood cells, thrombocytes, and the concentration of hemoglobin (Gokce and Woldehiwet 1999) . Because our I. scapularis colony originated from ticks collected in Bridgeport, CT, this observation also suggests that ticks may be better adapted to particular changes caused by sympatric isolates of A. phagocytophilum than to those caused by allopatric isolates. Similarly, certain isolates of B. begemina developed only in speciÞc "families" of Boophilus (Hoffmann 1971) , and certain lines ("families") of Rhipicephalus appendiculatus were consistently more susceptible to Theileria parva infection than others (Bü scher and Tangus 1986).
Thus, presented results indicate existence of at least two ways in which A. phagocytophilum may affect the survival of its vector: directly, where the presence of the agent in ticks themselves causes a decrease in their molting success; and indirectly, by altering the quality of the blood meal acquired by ticks from an infected animal. They also provide evidence for coadaptation between I. scapularis and A. phagocytophilum on the population level, resulting in better tolerance in ticks for changes in the blood meal quality caused by sympatric isolates.
This, in turn, emphasizes the need to take under consideration the geographic origin of the pathogen and the vector in the future studies involving pathogenÐvector interactions. The interplay of the conßict-ing interactions between vector, parasite, and host must be a focus of further studies. Such studies should encompass the analysis of the physiological basis of the effects of parasites on vectors in relation to survival, fecundity, and feeding behavior, and on quantiÞcation of such effects to aid our interpretation of epizootiology, as well as coevolution of parasites and vectors. Results of such experiments must be interpreted very carefully with respect to the possibility of pathogenÐ vector coadaptation. Also, outcomes of some published studies, where the exact origins the vector and the agent was not documented, may need to be revisited.
